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Abstract
In the ongoing EU project CESAR (CO2 enhanced Separation and Recovery) one of the main tasks is to develop new promising 
solvent systems and test these in pilot plants. The aim of the present paper is to show the effect of two of the modifications employed 
at the Esbjerg pilot plant using the Cesar 1 solvent system. A model for the Cesar 1 solvent system has been developed and 
implemented in the CO2SIM simulator. By simulation it is shown that the effect of lean vapour re-compression is higher than the 
effect of inter-cooling even taking into account the extra compression work needed for the compressor. The combined effect of both 
modifications is slightly less for the Cesar 1 solvent system than reported for 30wt% mono-ethanolamine. 
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
Post-combustion capture by amine absorption is regarded as the most mature capture technology which can be 
applicable in large scale in the near future. It is one of the best solutions for retrofit purposes and the only CCS solution 
for reducing CO2 emissions from sources as for example the cement, steel and aluminium industries. However, the 
associated cost is still very high especially related to the large steam requirement in the reboiler for the regeneration of 
CO2 and the high contacting area needed for the CO2 absorption. To cope with these challenges there is a tremendous 
effort going on world-wide to develop improved solvent systems as well as associated improved processes. The latter is 
important as demonstrated by Fluor [1
In the ongoing EU project Cesar (CO2 enhanced Separation and Recovery) one of the main tasks is to develop 
promising solvent systems and test these in lab pilot plants and in the Esbjerg pilot plant. The Esbjerg pilot plant has 
been modified based on experience gathered in the Castor project and simulations done with the CO2SIM simulator [
]. In a traditional absorber-stripping process the heat requirement in the reboiler 
using a generic solvent like 30wt% MEA is around 3.8-4 MJ/kg CO2. By process modifications, which include lean 
vapour compression (LVC) and absorber inter-cooling, Fluor claims that the heat requirement is reduced to 2.9 MJ/kg 
CO2 for a coal based exhaust gas [1].   
2
 The change of absorber packing (to Mellapak 2X structured packing)
]
within the early stage of the Cesar project. The most important modifications to be taken into account for the present 
modelling and simulation study are:
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 Absorber inter-cooling between the lowest and second lowest packing section
 Lean vapour compression (LVC)
Due to the pilot plant modifications a new MEA benchmark test was needed. The aims of the test campaign were to 
asses the impact of the modifications on the process and to determine the specific heat consumption. The tests included 
optimisation of parameters such as solvent flow rate, inter-cooler temperature, LVC flash pressure, CO2 capture 
percentage, and stripper pressure. The results were then implemented in a 500-hour test with continuous operation, 
during which an average specific steam demand of 2.9 GJ/ton CO2 was achieved [3
The second campaign at the Esbjerg pilot plant within the Cesar project involved using the Cesar 1 solvent system 
(AMP+Piperazine). The purpose of the present study to is to evaluate further the effect of the plant modifications for the 
Cesar 1 solvent by modelling and simulation of the pilot plant.
]. This is a significant reduction 
compared to the results for MEA obtained in the CASTOR campaign. However, this reduction is obtained at the 
expense of an increased auxiliary power consumption of 24 kWh/tonne CO2 (0.086 GJ/ton CO2). The reduction in the 
reboiler steam demand is obtained mainly due to the inclusion of LVC.
2. Basis for the simulations
2.1. The CO2SIM simulator
A model has been developed for the Cesar 1 solvent system and implemented in CO2SIM. This is a flow sheet 
simulator developed at SINTEF and NTNU. A screen-shot of the graphical user interface of the CO2SIM simulator 
during simulation of the stripper process for an MEA case is shown in Figure 1. The execution is paused right before 
the solving of Column Col02 (indicated by the yellow colour). In addition to the flowsheet the event log, the network 
stream window, the convergence plot and the Solver status window are shown. 
Figure 1    Screenshot of the Solver Mode during solving of the network for the stripper process.
The model of the column module in CO2SIM is rate-based. However, there are three possible approaches regarding 
the thermodynamics. The simplest one is the "soft" model, which is used in the present study. This soft model implies 
among others that the vapour-liquid equilibrium (VLE) is described as temperature and loading dependent polynomial 
correlations fitted to the VLE data obtained (see Figure 2 for Cesar 1). This type of equilibrium model is used for 
systems when limited data are available and when implementation time is crucial. It is meant as a quick method to 
evaluate new solvent systems and for comparison with laboratory pilot data. It can also be used to determine optimal 
operating conditions for pilot campaigns, as is the purpose of the work presented here. 
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An important limitation of the soft-model application for the Cesar 1 solvent system is that the AMP and piperazine 
mixture is treated as one pseudo-component. Since the properties of the two components are very different, the pseudo-
component treatment will not mimic these differences completely. For instance, piperazine (PZ) will react much faster 
with CO2 than AMP, which means that at high loadings, toward the bottom of the column, most of the PZ will be bound 
as carbamate and the active component will mainly be the slower AMP. In order to improve the model, about 40 mass-
transfer measurements into loaded solutions were conducted and interpreted into a model. In addition, CO2 solubility 
measurements were done as function of loading and temperature and a Henry’s law constant correlation was developed. 
Also viscosity and density were measured and a diffusivity correlation was produced. From the mass transfer 
experiments a pseudo single component second order rate constant was determined. This rate constant was then 
correlated with CO2 loading and temperature and implemented in CO2SIM together with the correlations for Henry’s 
law constant, density, viscosity, and diffusivity. The mass-transfer modelling is further described in the following 
section.
2.2. Mass transfer modelling in CO2SIM
In order to be able to predict the mass transfer rates in the Cesar 1 system with reasonable accuracy, an approximate 
model, relying on the simplified equilibrium model, see Figure 2, was developed experimentally. The reactions 
expected to take place are; 1) Dissociation of water, 2) Formation of bicarbonate, 3) Formation of carbonate,  4) 
Hydration of AMP, 5) Formation of PZ-monocarbamate, and 6) Formation of PZ-dicarbamate. See [4] and [5] for 
further details. In a string of discs contactor (SDC), a range of mass transfer experiments were performed in the pseudo-
first order regime, meaning that there is no significant depletion of amine in the reaction film. The flux of CO2 absorbed 
into the liquid was calculated from a solute mass balance over the entire system as described elsewhere, see [6] and [7
The solution back-pressure, 
].
2
*
COP , was obtained from the VLE model as a function of temperature and loading, while 
the bulk CO2 pressure, 
2
b
COP , was taken from the measured pressure in the SDC after correction to the vapour pressure 
of the solvent (amine and water). The flux of CO2 increases with increasing driving force, as expected. However, at 
higher loadings and subsequently higher partial pressures of CO2, the flux of CO2 remains almost constant upon an 
increase in loading. At constant loading, an increase in temperature leads to an increase in the CO2 flux for low loadings 
(0.19-0.3). At high loadings, an increase in temperature may lead to a decrease in flux because of the equilibrium effect. 
The system is treated as a pseudo one-component system. The second order reaction rate, k2 , values calculated in 
this way increase with temperature at low loadings and decrease with temperature at high loadings. This is an artefact 
caused by the way the data are treated. Since the system consists of two amines, one fast and one slow, the decrease in 
k2 at high loadings is a result of the slow amine, AMP, starting to dominate the mass transfer.
A function of loading and temperature was fitted to the k2 values and these were recalculated into fluxes and 
compared with the original measured fluxes. This comparison is shown in a parity plot in Figure 3. The fitted k2 model 
was then used in CO2SIM to model the solvent system.
Figure 2 Partial pressure of  CO2 above Cesar 1as function of loading and temperature. The solid lines represent the equilibrium model prediction 
isotherms.
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Figure 3 Recalculated fluxes NCO2 compared to the original ones
2.3. Model validation
The model was validated against data obtained in a laboratory pilot plant at the University of Kaiserlautern 
(UNIKL) and the agreement between simulations and experimental results is very good as seen in Figure 3.
Figure 3     Absorber CO2 mass transfer [kg/h] performance. Fig. A: Experimental CO2 mass transfer liquid side and gas side, Fig. B: Experimental 
and simulated CO2 mass transfer liquid side, FIG. C: Experimental and simulated CO2 mass transfer gas side, Fig. D: Experimental average and 
simulated CO2 mass transfer gas side.
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The same model has been used to simulate the Esbjerg plant.  This strictly means that the soft model, as used in the 
validation against the UNIKL data, is applied outside its experimental range. Comparisons with the experimental results 
at Esbjerg, however, show relative good agreement, in particular for the evaluations of steam requirement.
3. Process modifications at Esbjerg
3.1. Optimization of lean flow-rate 
The simulated process was first optimized to establish the optimal liquid flow-rate with respect to reboiler duty at 
a fixed capture level of CO2 (90 %). This was done without applying inter-cooling and LVC. The stripper pressure was 
190 kPa and the flue gas flow-rate was fixed at 5000 m
3
/h. The optimal flow-rate determined from Figure 4 is 
approximately 12.5 m
3
/h.
Figure 4 Specific heat reboiler duty vs. solvent flow-rate
3.2. Effect of inter-cooling 
Inter-cooling to 35, 30, and 25°C, respectively, was applied with the optimal flow-rate determined from Figure 4 and 
with fixed input parameter values given as: CO2 inlet concentration = 12%, CO2 recovery = 90%, and stripper 
pressure=190kPa. The main results are presented in Table 1. The maximum reduction in the Specific Reboiler Duty 
(SRD) was approximately 3.9 % or 0.12 MJ/kg with inter-cooling to 25°C, which was similar to values found in the test 
campaign at Esbjerg. The effect by inter-cooling can be explained from Table 1 by interpreting the change in rich and 
lean loadings. The whole loading range is shifted upward due to higher driving forces in the absorber. Hence, also the 
stripper will operate between higher loadings and less stripping steam is needed for desorption.
Table 1     Simulation results inter-cooling. Base case is without inter-cooling.
Base case Case 1a Case 1b Case 1c
Inter-cooling temperature [C] - 35 30 25
Solvent Lean flow rate (m
3
/h) 12.5 12.5 12.5 12.5
Solvent Lean CO2 loading 0.128 0.144 0.148 0.152
Solvent Rich CO2 loading 0.559 0.575 0.580 0.584
CO2 stripped [kg/hr] 1060.2 1060.2 1060.2 1060.2
Reboiler Duty [kW] 925.8 899.0 893.6 888.8
Specific Reboiler duty [MJ/kg CO2] 3.14 3 .05 3.03 3.02
With inter-cooling to 25°C, the Esbjerg plant was simulated with a new variation of the lean solvent flow-rate with 
fixed input parameter values (CO2 inlet concentration = 12%, CO2 recovery=90%, and stripper pressure=190kPa). The 
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results are shown in Figure 5, in which also the line shown in Figure 4 is included. Though the effect of inter-cooling is 
not very high, the optimal flow-rate seems to be slightly shifted towards a lower value, at which the effect is also 
higher.
Figure 5 Specific heat reboiler duty vs. solvent flow-rate. The blue solid line represents results without employing inter-cooling, while the green 
dashed line represents the results with inter-cooling to 25oC.
3.3. Effect of lean vapour re-compression (without applying inter-cooling)
In an LVC unit the lean solvent is fed into a flash tank, in which the pressure is reduced to a given pressure level. 
This causes mainly water vapour to be flashed off. This water vapour is then re-compressed to the pressure level inside
the stripper where it acts similar to additional reboiler stream. In this way the energy requirement in the reboiler may be 
reduced, however, at the sacrifice of extra electrical energy needed for the re-compression.  Furthermore, inclusion of 
LVC implies additional units and thus higher investments costs.
For the same solvent flow-rate as in the base case (optimal flow-rate determined from Figure 4) simulations were 
done applying four different values for the flash pressure (145kPa, 130 kPa, 115 kPa, and almost atmospheric).  In order 
to determine the compressor duty it was assumed that the isentropic efficiency of the compressor was 75%. The main 
results are presented in Table 2.  The specific reboiler duty was reduced by approximately 13% or 0.42 MJ/kg CO2 by 
applying LVC with the lowest flash pressure (i.e. atmospheric pressure).  The reboiler duty was reduced by 124 kW 
while 15.1 kW of electric work was needed for the recompression of the lean vapour. According to [8
Table 2    Simulation results for lean vapour re-compression (LVC)
], the ratio of 
incremental power reduction to incremental heat output is 0.23 for LP-steam at 4 bara, so if the thermal heat needed in 
the reboiler is converted to electric work (in a steam turbine), this implies that the LVC must manage to reduce the heat 
input by at least 4.3 times the electric work to become economically attractive. Thus, the net effect of applying LVC is 
as shown in Figure 6, i.e. the net heat requirement in the reboiler is approximately 2.94 MJ/kg CO2 corresponding to a 
reduction of 6% compared to the base case. 
Base case Case 2a Case 2b Case 2c Case 2d
Flash pressure (kPa) 145 130 115 100
Solvent Lean flow rate (m
3
/h) 12.5 12.5 12.5 12.5 12.5
Solvent Lean CO2 loading 0.128 0.128 0.128 0.128 0.128
Solvent Rich CO2 loading 0.559 0.559 0.559 0.559 0.559
LVC compressor work [kW] 2.5 5.1 9.5 15.1
CO2 stripped [kg/hr] 1060.2 1060 1060 1060 1060
Reboiler Duty [kW] 925.8 872.7 851.6 828.3 802.1
Specific Reboiler duty [MJ/kg CO2] 3.14 2.96 2.89 2.81 2.72
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Figure 6 Specific reboiler duty vs. flash pressure. The red line represents the results as direct effect on the required reboiler duty, while the black 
line represents the net reboiler duty when taking into account the effect of the compressor duty required when applying LVC.
3.4. Effect of both inter-cooling and lean vapour re-compression
Four different cases with the same flash pressure values as given in Table 2 and combined with inter-cooling to 30°C 
were simulated and the corresponding results are shown in Figure 7. As seen from the green dashed line the reboiler 
duty obtained with both LVC and inter-cooling to 30°C is further decreased compared to the cases with LVC, but 
without inter-cooling (red solid line as also given in Figure 6). The effect is higher at higher flash pressure, but taking 
into account the effect of increased compressor duty, this trend cancels out, and in fact, it seems to be an optimal flash 
pressure around 115 kPa (see Figure 8). The reduction in the reboiler duty with a flash pressure around atmospheric is 
16 %, but taking into account the effect of increased compressor duty, the net reduction in reboiler duty is 9 % with a 
flash pressure of 115 kPa. 
Figure 7     Simulation results for lean vapour re-compression combined with absorber inter-cooling to 30ºC (green dashed  line). Orange solid line is 
LVC without inter-cooling.
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Figure 8 Simulation results for lean vapour re-compression combined with absorber inter-cooling to 30ºC (green dashed  line). Orange solid line 
accounts for the effect of extra energy requirement for compressor use related to LVC.
4. Conclusions
A simulation model for the Cesar 1 solvent system was developed and implemented in the CO2SIM simulator. The 
model was used to study the effect of two process modifications actually implemented at the Esbjerg pilot plant as part 
of the Cesar project. These modifications are the inclusion of absorber inter-cooling, between the lowest and second 
lowest packing section, and Lean Vapour Compression (LVC). The effect of LVC is higher than the effect of inter-
cooling (13% and 3.9% reduction, respectively), but taking into account the effect of increased compressor duty the net 
decrease in reboiler duty is 6% at atmospheric flash pressure. The combined effect of employing both inter-cooling and 
LVC to atmospheric pressure is a 16% reduction. Taking into account the effect of increased compressor duty, the 
maximum reduction in the required reboiler duty is 9% at a flash pressure of 115 kPa.
As mentioned in Section 1, during a corresponding MEA campaign within the Cesar project the reduction in the 
specific reboiler duty was 19% with the inclusion of both inter-cooling and LVC ([1]) without the effect of increased 
compressor duty. Thus the combined effect of inter-cooling and LVC is higher for MEA than for Cesar 1. 
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